Potentially important contributors to the topography and tectonics of multi-ring impact basins are the thermal contraction and thermal stress that accompany the loss of heat emplaced during basin formation. Heat converted from impact kinetic energy and contributed from the uplift of isotherms during cavity collapse are important components in the energy budget of a newly-formed basin. That the subsequent cooling may have been an important factor in the tectonic evolution of the Orientale basin is suggested by the deep central depression and by a surrounding region of extensive fissuring. To test these concepts, we develop models for the anomalous temperature distribution immediately following basin formation, and we calculate the resulting elastic displacement and stress fields that then would accompany cooling of the basin region. All models predict subsidence of the basin floor and a near-surface stress field consistent with fissuring. In addition, the rates of cooling and of accumulation of thermal stress are in agreement with the inferred timing of fissure formation in Orientale. The sensitivity of the predicted displacements and stresses to the initial temperature field allows us to place bounds on the quantity and distribution of impact heat emplaced during basin formation. In order to be consistent with the observed topography and the distribution of fissures in the Orientale basin, the buried heat deposited during the basin-forming event was between 1032 and 1033 erg. It is likely that most of this heat was concentrated within a distance of 100-200 km from the point of impact.
INTRODUCTION
Multi-ring impact basins on the Moon exhibit wide variations in their present geometry and structure [Hartmann and Wood, 1971; Wilhelrns, 1973; Wood and Head, 1976] . Some of the variations may be related to differences in the properties of the lithosphere or impacting projectile at the time of basin formation [e.g., Melosh and McKinnon, 1978; Holsapple and Schmidt, 1982] . Many of the observed variations likely reflect different degrees of modification of initial basin geometry and structure on time scales long compared to those for cavity excavation and ring formation. The subdued topographic relief of basins formed early in lunar history when the lithosphere was relatively warm is probably a consequence of lateral flow of crustal material over times scales ranging up to millions of years Bratt et al., 1985a] . The infilling of impact basins with mare basalt, on a somewhat greater time scale, led to loading of the lunar lithosphere and consequent subsidence and flexurally-induced tectonic activity [Solomon and Head, 1979, 1980; Comer et al., 1979] .
Thermal contraction and thermal stress accompanying the loss of heat emplaced during basin formation are two additional and potentially important contributors to the longterm modification of an impact basin [Bratt et al., 1981] . During impact a significant fraction of the projectile kinetic energy is converted to buried heat [O' Keefe and Ahrens, 1976, 1977] . Further, the uplift of lower crustal and upper mantle material during collapse of the excavated cavity and formation
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Paper number 5B5451. 0148-0227/85/005B-5451 $05.00 of the multi-ring basin [Melosh and McKinnon, 1978] results in a corresponding uplift of the crustal and mantle isotherms, an additional source of heat beneath newly formed basins. Conduction of this anomalous heat to the surface gives rise to lithospheric thermal contraction and stress.
In this paper we assess the contribution of thermal contraction and thermal stress to the topography and tectonics of large lunar impact basins. Exploratory models are developed for the temperature structure following basin formation, for the subsequent cooling of the basin region, and for the resulting thermal displacements and stresses as functions of time. The subsidence and stress at the surface are compared with topography and tectonic features in the comparatively well-preserved Orientale basin [Head, 1974; Church et al., 1982] . On the basis of these comparisons we derive approximate constraints on the quantity and distribution of heat implanted during the basin-formation process.
GEOLOGICAL OBSERVATIONS: THE ORIENTALE BASIN
The Orientale basin (Figure 1) , the youngest and best preserved of all lunar impact basins [Head, 1974; Moore et al., 1974] , is an important source of information about the formation and modification of impact basins on all the terrestrial planets. Only the centralmost 220 km of the 900-km-diameter topographic depression is extensively covered by mare basalt [Head, i974] , leaving exposed many geologic units and tectonic features that are presumably hidden beneath mare units in other nearside basins. Because Orientale is the youngest major basin on the Moon [Wilhelms, 1979] , it has been left relatively undisturbed by ejecta deposits from other large impact events. Orientale is thus a nearly ideal location to look for tectonic and topographic expressions of basin cooling.
A careful documentation of the principal structural features and morphological units within the Orientale basin has been made by Church et al. [1982] ; see Figure 2 . The plains and corrugated facies, which surround and probably underlie the central mare, are interpreted as cooled impact-melt material [Head, 1974] . Head [1974] and Church et al. [1982] suggest that the pitted and cracked texture of the corrugated facies resulted from cooling and internal thermal contractions acting during the time interval of melt-sheet cooling, about 10 3 to 10 '• yr [Onorato et al., 1978] . The outer Rook Mountains, believed to represent the rim of the original impact cavity, bound the outer edge of the corrugated and plains facies at a radial distance of about 310 km from the basin center [Head, 1974 [Head, , 1977 . in the vicinity of farside basins not filled by mare units. It is therefore unlikely that the rille systems were formed in response to basin cooling, a process which would be expected to affect basins of a given age and size to a similar extent. Photogeologic observations provide important constraints on the timing of fissure formation [Church et al., 1982] . Because mare basalts flood portions of fissures, the fissures must predate at least the most recent episode of mare volcanism within the central basin. In addition, Church et al. [1982] concluded that the fissures postdate the cooling of the corrugated and plains facies (impact melt sheet) on which they formed. One reason for this view is that portions of the corrugated and plains facies are not cut by fissures, indicating that fissuring is the result of processes other than cooling and contraction of the melt sheet. On the basis of these relative age relations and estimates for the ages of the Orientale impact event and of the central mare deposits [Greeley, 1976] , Church et al. [1982] concluded that the deformation that led to fissure formation occurred during a 100 to 200 m.y. time period following basin formation. They further suggested, on the basis of preliminary thermal evolution models for impact basins [Bratt et al., 1981] where err is the error function [Gautschi, 1964] and I o is a modified Bessel function [Olver, 1964] . The integral in equation (2) is identical to the P function described by Masters [1955] . A thermal evolution model for an impact basin region follows from (2) and from a specification of an initial distribution of anomalous temperature. We defer discussion of the temperature field immediately following basin formation to a later section.
Mare ridges and arcuate rilles (graben) constitute the innermost and outermost tectonic features, respectively (Figure 2
)
THERMAL DISPLACEMENT AND STRESS
Differential cooling of an elastic medium will lead to spatially variable thermal contraction and to thermal stress. To calculate these quantities from a thermal evolution model, we use the method of thermoelastic displacement potentials [Goodier, 1937] . During a time interval At, there will be a non-uniform change in the temperature field given by AT= T(r, z ; t) -T(r, z ; t -At)
where the thermoelastic displacement potentials are By symmetry, we can solve for the displacement field by approximating the temperature change field AT(r, z; t) by a set of cylinders of uniform temperature change, computing the displacements due to the cooling of individual cylinders, and then summing the resulting displacement solutions. The calculation of displacements from (5) To obtain the potential of a cylinder of finite thickness and constant temperature change, we numerically integrate equation (11) over z'. The displacement potential •b2 may similarly be computed by substituting the quantity (z + z') for (z -z') in (11) prior to integration over z'. The displacement field follows directly from centered-difference numerical differentiation of •b x and •b2 as prescribed by (5) and (10).
The accuracy of this method was tested by approximating a buried sphere by a stack of buried cylinders. We compared the potentials for the two problems, and we also compared the displacement field produced by the cooling of the cylinder stack with the displacements at the free surface resulting from the cooling of a buried sphere [Mindlin and Cheng, 1950] . The difference between our approximate solution and the exact solution can be made to vanish by using suitably thin cylinders. We are confident, therefore, that the approximations we have adopted can adequately represent the displacement field due to the cooling and contraction associated with any axisymmetric initial temperature structure.
In the models that follow, we examine the displacements and stresses only at the lunar surface. Thus, the normal stress azz, the shear stresses %z and a0z, and the local temperature change are all zero. The shear stress aro is also zero by symmetry. The thermal stresses at the free surface are calculated from the displacement field in (5) using standard formulae [Timoshenko and Goodier, 1970 (17) is accomplished numerically using the centered difference method. The stresses given by (13) and (14) are relative to the ambient state of stress at t = 0, immediately following basin formation. While we concentrate below on the time-dependent thermal stress produced during basin cooling, the possible modifying influence of a non-zero prestress is also discussed.
ANELASTIC EFFECTS
The equations presented above provide a simple procedure to compute the thermoelastic displacements and stresses for an axisymmetric thermal evolution model. Several uncertainties in the underlying assumptions are noteworthy. Perhaps least certain is the assumption that the moon behaves as a conductive, elastic half-space during basin thermal evolution. The thermal model will be valid only if convective transport of heat in the shallow sub-basin region is unimportant, and the stress field will be correct only if the material undergoing temperature change behaves completely elastically. It is lik. ely, however, that at high temperatures stress will be rapidly relieved by ductile flow. While equations (4) In the simple models considered here, it is not possible to examine completely the effects of depth-and temperaturedependent rheology on near-surface displacements and stresses. To simulate some of the effects of rapid stress relaxation in regions of high temperature, however, we may postu- [Kaula, 1979] . This geometry is illustrated in where s is a decay constant (the distance from the center of symmetry at which heating falls to 1/e of its peak value), p is density (either crustal or mantle), and Cp is specific heat. The latent heat of phase changes is ignored. The constant E is an energy density obtained from the equation
where L is the value of q at which the temperature due to impact heating drops below some arbitrarily small value. A significant fraction of Ex acts to heat material ejected during basin excavation. To estimate the amount of heat in material thrown beyond the basin rim, we utilize a model for nearside crustal structure derived from gravity and topographic data [Bratt et al., 1985a] . The difference between the assumed pre-impact crustal thickness and the thickness of nonmare crust beneath the youngest basins such as Orientale provides a lower bound on the depth from which material was permanently excavated from the basin. We remove from the top of the target region a plug of heated material of thickness 
TEMPERATURE AND THERMAL STRESS MODELS FOR ORIENTALE
Following the above guidelines, we present models for the contributions of isotherm uplift and impact heating to the temperature distribution beneath the newly formed Orientale basin. A summary of the models presented below and the associated values of free parameters is given in Table 1 .
Adopted values of physical parameters common to all models are given in Table 2 As discussed above, fissuring most likely occurred within 100 to 200 m.y. after basin formation and in a stress regime where a, was more negative than -0.2 to -0.4 kbar. In model A, the region of the basin where a, satisfies this criterion at 100 m.y. is from r = 230 to 400 km. Thus while the magnitudes and signs of principal stresses for this model are consistent with fissure formation, the predicted fissures would be at radial distances significantly greater than observed. If fissures originated by thermal stress, we conclude that the anomalous heat contributed by conversion of impact kinetic energy must have been at least comparable in magnitude to that contributed by isotherm uplift. Further, the effects of impact heating were probably concentrated at lesser distance from the basin center than were those of isotherm uplift.
Impact Heating
As discussed above, the magnitude and distribution of impact heating are parameterized by equations (18) 
Effect of an Elastic Blocking Temperature
As discussed above, material at sufficiently elevated temperatures will not likely contribute significantly to the thermal stress field. This effect has been parameterized with an elastic blocking temperature [Turcotte, 1974 [Turcotte, , 1983 ] in thermal stress model E depicted in Figure 18 . In model E, the anomalous temperature field contains contributions from both isotherm uplift (model A) and impact heating. To determine whether a parcel of material is above or below the elastic blocking temperature Te, the ambient thermal gradient (Figure 9 ) must be added to the anomalous temperature. We use a blocking temperature of 800øC, corresponding to the temperature at the greatest depth of earthquakes in terrestrial intraplate settings [Chen and Molnar, 1983] . The use of a blocking temperature does not affect the calculated subsidence, which should reflect the combined solutions to the full thermal contraction problem for the isotherm uplift and impact heating cases.
Model E (Figure 18 
DISCUSSION
The models presented above suggest that the emplacement of heat during the formation of an impact basin and the subsequent loss of that heat were important contributors to the topography and tectonics of lunar impact basins. Beyond this qualitative result, we may use the results of these models to place approximate constraints on the quantity and distribution of impact heat implanted during the formation of the Orientale basin. These estimates are based on the assumption that the observed fissuring is a product of thermal stress [Church et al., 1982] and that the distribution of anomalous temperatures resulting from isotherm uplift is relatively well known. Given these assumptions, we note first that isotherm uplift alone predicts poorly the location of fissuring within Orientale. It follows that heat converted from impact kinetic energy must have been at least as important to the early thermal budget of the basin. Expressed differently, EB is probably comparable to or greater than 1032 erg, the total amount of anomalous heat contributed by isotherm uplift.
The distribution of impact heating has been assumed in this paper to follow an exponential decay with distance characterized by a fixed decay constant s (equation (18) [Head, 1974] . The additional subsidence contributed by freezing of this melt sheet should not exceed a few hundred meters. In the basin thermal models, of course, it is the integrated heat rather than any given value of initial temperature that is important for the subsidence problem.
If On the basis of the thermal stress models, the topographic relief of the central basin depression and the range of radial distances from basin center over which extensive fissuring occurred constrain the magnitude E• and distribution of kinetic energy that was converted to buried heat beneath the newly formed Orientale basin. E• must be comparable to or greater than 1032 erg because the contribution of impact heating to thermal stress must be at least comparable to that of isotherm uplift. E• must be less than or equal to 7 x 1032 erg in order to be consistent with the topography of the central basin depression. The impact heat was concentrated within 100-200 km of the point of impact.
It is important to emphasize that there is an untested element of uncertainty in the ability of our models to represent the earliest portions of basin thermal history and the anelastic response of material at high temperature to cooling. The models presented here nonetheless suggest that cooling and thermal stress contributed significantly to the topography and tectonics of multi-ringed basins and that constraints on the quantity and distribution of impact heat emplaced during basin formation may be derived from geological observations of the youngest basins on the moon and on other planets and satellites.
